the form of injury determines the response to injury, ultimately governing the histological and clinical manifestations of disease.
The highly specialized and terminally differentiated podocyte, a critical component of the glomerular filtration barrier, is a major target of injury in both diabetic and nondiabetic glomerular disease. It functions to prevent urinary protein leakage and to provide structural support to the capillary wall, thereby counteracting the hydrostatic pressure within the glomerulus (48) . Common to many human kidney diseases and experimental animal models is a strong link between podocyte injury and progressive kidney disease. In fact, there is compelling evidence that a decline in podocyte number strongly correlates with, and likely underlies, the development of glomerulosclerosis (39, 47, 63) .
Over the last several years, an ever-expanding body of literature has emerged defining more clearly the structure of the podocyte as a polarized cell that consists of three primary compartments: 1) a cell body containing a thin layer of cortical actin and a microtubule organizing center, 2) the major or "primary" foot processes containing microtubules and vimentin-type intermediate filaments, and 3) the interdigitating foot processes containing an elaborate microfilament-based contractile apparatus composed of actin, myosin-II, ␣-actinin, talin, and vinculin (25, 41) . The podocyte's complex actin cytoskeleton provides support to the glomerular tuft and facilitates the cell's ability to alter shape continually and dynamically as it responds to demands of the filtration process.
A large number of actin-binding proteins have evolved to facilitate and manipulate actin filament formation and turnover. Two recently identified actin-binding proteins in podocytes are ␣-actinin-4 and synaptopodin. Mutations of ␣-actinin-4 lead to podocyte foot process effacement and proteinuria in both humans and experimental animal models (27, 29) . Synaptopodin interacts directly with ␣-actinin-4 and modulates its expression by elongating ␣-actinin-4-induced actin filaments (3, 42) . Indeed, proteinuria may occur in response to mutations in any one of a number of proteins that form the highly complex filtration slit diaphragm between adjacent interdigitating podocyte foot processes. Thus proteins regulating and stabilizing the actin cytoskeleton are critical in the podocyte's normal function.
Although our understanding of the mechanisms of glomerular injury, and more specifically podocyte injury, has been advanced significantly over the last several years, in many glomerular diseases, the exact molecular pathways leading to injury have not yet been fully defined. To devise newer and more specific therapeutic interventions, there is a need to understand more fully the mediators involved in the initiation and progression of glomerular injury, particularly at the cellular level. In a quest to identify novel mediators of glomerular injury, we performed a microarray study of mRNA extracted from isolated rat glomeruli at days 3 and 6 of passive Heymann nephritis (PHN), the experimental model of membranous nephropathy. In this study, we found an upregulation of SM22␣ mRNA, with a 69.77-fold increase at day 3 and a 38.66-fold increase at day 6 of disease (22) . SM22␣, also known as transgelin, is a shape change-sensitive 22-to 25-kDa actin-binding protein of the calponin family, localized to the cytoskeleton apparatus. SM22␣ is considered a smooth muscle cell (SMC) lineage-restricted protein, expressed abundantly and exclusively in visceral and vascular SMCs postnatally and is one of the earliest markers of smooth muscle differentiation. For many years, its function was unknown. Although SM22␣ localizes to the cytoskeleton of SMCs (58) , SM22␣ Ϫ/Ϫ mice are viable, fertile, and exhibit no obvious phenotypic abnormalities (66) . However, more recently, several functions have been elucidated, including SM22␣'s role in 1) organization of actin distribution (21, 66) ; 2) inhibition of phenotypic modulation of SMCs from contractile to synthetic/proliferative cells (14) ; 3) regulation of calciumindependent SMC contraction (26); 4) proliferation (11); 5) cell migration (18) ; and 6) tumor suppression (4, 43, 65) .
In this study, we sought to determine why SM22␣, a protein considered to be a marker of SMC differentiation, would be expressed de novo in glomeruli in diseases characterized by podocyte injury and proteinuria, and what role SM22␣ may be playing in glomerular epithelial cell (GEC) injury.
MATERIALS AND METHODS

Rodent Disease Models Characterized by Podocyte Injury and Proteinuria
The animal care committee of the University of Washington School of Medicine reviewed and approved the experimental protocols of all proteinuric disease models detailed below. All animal procedures were conducted in accord with the Institutional Animal Care and Use Committee.
We have previously reported that the mRNA expression of smooth muscle protein SM22␣ was increased in isolated glomeruli of the PHN rat model of membranous nephropathy. In contrast, the transcript of SM22␣ is absent in glomeruli isolated from control rats (22) . To determine SM22␣ expression during kidney development and in immune-and non-immune-mediated forms of podocyte injury, we examined mouse embryonic and early postnatal kidney tissues and kidney biopsies obtained from rodent disease models characterized by podocyte injury and proteinuria (49) .
Embryonic and Early Postnatal Kidney Development
The kidney tissues from mice during embryonic and early postnatal development, at time points before full kidney development, were evaluated to determine baseline expression of SM22␣ during active glomerulogenesis and podocyte differentiation. Mice were euthanized at embryonic day 19 and postnatal days 1, 2, 5, and 8. Euthanasia was induced by cervical dislocation. SM22␣ immunostaining in kidneys was compared with that in normal adult mice.
Models of Podocyte Injury
PHN model of experimental membranous nephropathy. In rats, the PHN model is a well-characterized analog of human membranous nephropathy. We have previously reported utilizing this model for transcriptional profiling to identify novel mediators in proteinuric diseases via a microarray study (22) . PHN was induced in male Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA) by a single intraperitoneal injection of sheep anti-Fx1A antibody (5 ml/kg body wt) as previously described (49) . Control animals were injected with preimmune sheep serum (5 ml/kg body wt). Animals were euthanized at days 3, 6, 10 , and 30 following disease induction for renal biopsies and isolation of glomeruli (n ϭ 5/group/time point). Euthanasia was induced by exsanguination following anesthetization with 100% ethyl ether (VWR, West Chester, PA).
Diet-induced obesity model of experimental obesity-related glomerulopathy. Tissues were kindly provided by Dr. Francis Kim and Dr. Michael W. Schwartz of the University of Washington School of Medicine, Department of Medicine (Seattle, WA) in a tissue-sharing collaboration, during which the mice were euthanized for the purposes of their own study (28) . Briefly, age-matched (6-to 12-wk-old) male C57BL6 mice were fed either low-fat (10% saturated fat) or high-fat (60% saturated fat) diets that were otherwise matched for calories and micronutrients for 8 wk. Before euthanasia, mice were anesthetized with isoflurane. Tissues were obtained for renal biopsies.
Puromycin aminonucleoside nephropathy model of experimental focal segmental glomerulosclerosis. With hallmarks of podocyte foot process effacement and heavy proteinuria, puromycin aminonucleoside nephropathy (PAN) is considered analogous to the spectrum of minimal-change disease and focal segmental glomerulosclerosis (FSGS) in humans. The PAN model was induced in male SpragueDawley rats (Charles River Laboratories) as previously described (36) . Rats aged 60 days, weighing 200 -300 g, received a single injection of PA dissolved in 0.9% NaCl, at 6 mg/100 g body wt via the tail vein (n ϭ 6/group/time point). The control animals were injected with an equal volume of 0.9% NaCl. Each animal was anesthetized with 100% ethyl ether in an inhalation chamber before tail vein injections. Following disease induction, rats were euthanized at days 7 and 14 by exsanguination following anesthetization with 100% ethyl ether. Tissues were obtained for renal biopsies.
Adriamycin nephropathy model of experimental FSGS. The adriamycin (ADR) nephropathy model, proven to be a robust experimental analog of human FSGS, was chosen to examine more closely the expression of SM22␣ in the initiation and propagation of FSGS in mice. ADR nephropathy was induced in male BALB/c mice, a strain carrying the recessive ADR susceptibility gene, aged 12 wk, by tail vein injection of ADR (12 mg/kg body wt ϫ 2 doses; n ϭ 8/group) as previously described (35) . Control animals were injected with an equal volume of vehicle only (0.9% NaCl). Euthanasia was induced by cervical dislocation at weeks 1, 2, 8, and 11. Tissues were obtained for renal biopsies.
Passive nephrotoxic nephritis model of experimental crescentic glomerulonephritis. It has recently been reported that SM22␣ mRNA is upregulated in kidneys in anti-glomerular basement membrane (GBM) nephritis in rats (45) . Therefore, we chose experimental crescentic glomerulonephritis (GN) in mice as the principal model in our efforts to delineate the role of SM22␣ in proteinuric diseases.
The SM-CreER T2 (ki) transgenic mice were generated by "knocking in" a tamoxifen-activated Cre recombinase-encoding sequence into the endogenous SM22␣ locus as previously described (30) . Genotypes of mice were determined by PCR analysis of tail DNA. The wild-type SM22␣ allele was detected using primers RF67 (5=-CTCAGAGTGGAAGGCCTGCTT-3=) and RF90 (5=-CACACCAT-TCTTCAGCCACA-3=), which amplify a 276-bp fragment spanning the 3= side of intron 1 and the 3= side of exon 2 of the SM22␣ gene. The SM-CreER T2 (ki) allele was detected using primers RF67 (see above) and SC135 (5=-GGCGATCCCTGAACATGTCC-3=), which amplify a 22-bp product. Primer SC135 is located on the 5= side of the cre gene (30) . Genotyping was confirmed by immunohistochemistry (IHC) for SM22␣ in renal biopsy specimens. Homozygous SMCreER T2 (ki) transgenic mice do not express endogenous SM22␣ protein (14) and thus will be referred to in shorthand as "SM22␣ Ϫ/Ϫ mice" from this point forward. As previously reported, SM22␣ Ϫ/Ϫ mice are viable, fertile, and exhibit no obvious phenotypic abnormalities (14, 66) .
After a preliminary dose-finding study, the passive nephrotoxic nephritis model, characterized by crescentic GN and progressive glomerulosclerosis, with podocyte injury as a prominent feature, was induced in male SM22␣ ϩ/ϩ and SM22␣ Ϫ/Ϫ mice, aged 12 wk, by intraperitoneal injection of sheep anti-rabbit glomeruli antibody [12. 5 mg/20 g body wt ϫ 2 doses (at days 0 and 3; n ϭ 12-15 animals/ group)]. The sheep anti-rabbit glomeruli antibody was produced by immunizing sheep with whole rabbit glomeruli, as previously described (49) . Anti-serum was heat inactivated, and IgG was isolated using caprylic acid precipitation of serum proteins. Control animals did not receive the sheep anti-rabbit glomeruli antibody. Weekly and before death, a weight was recorded and urine was collected from each mouse in metabolic cages for 24-h protein and creatinine excretion. Urine protein was measured by the sulfosalicylic acid method (standards from Dade Diagnostics, Brisbane, Australia). Urine creatinine levels were determined via a colorimetric microplate assay (Cayman Chemical, Ann Arbor, MI), and a protein-to-creatinine ratio (PCR) was calculated.
Euthanasia was induced by cervical dislocation. Blood samples obtained at time of euthanasia were centrifuged (12,000 g for 5 min), and plasma was collected for measurement of blood urea nitrogen (BUN) via a QuantiChrom Urea Assay kit (Bioassay Systems, Hayward, CA). Tissues were obtained for renal biopsies.
Glomerular Protein Extraction and Western Blot Analysis
Protein was extracted from isolated glomeruli at days 3 and 6 of PHN rats and their respective negative controls (n ϭ 5/time point/ group). Preparation of isolated glomeruli was performed at 4°C, with kidney tissue from one rat used per preparation. After discarding of medulla and papilla, finely minced cortices were passed through three differential sieves (200, 140, 80 m) using 2,000 ml of normal saline. Glomeruli were washed and resuspended in 50 ml of saline. Quantitation of glomeruli was performed in aliquots of glomerular suspension by phase microscopy, with purity Ͼ95% for all preparations. Following centrifugation (1,000 rpm at 4°C for 10 min), the supernatant was decanted, and protein isolation and purification were performed from the pelleted glomeruli. Briefly, the purified glomeruli were lysed in buffer A [20 mM Tris·HCl, pH 7.2, 2 mM MgCl 2, 0.5% NP-40, 150 mM NaCl, 1 mM DTT containing 1ϫ complete protease inhibitor cocktail (Roche, Indianapolis, IN) and the phosphatase inhibitors sodium orthovanadate (0.1 mmol/l) and sodium fluoride (50 mmol/l; Sigma-Aldrich, St. Louis, MO)]. Protein concentrations were determined by the BCA protein assay (Pierce, Rockford, IL).
We next performed Western blotting to ensure that SM22␣ protein expression was also upregulated in isolated glomeruli of PHN rats. Thirty micrograms of protein extracts from glomeruli taken from experimental and control rats, and 15 g of protein extract from rat aorta as the positive control, were separated under reduced conditions on 12% SDS-PAGE and transferred to polyvinyldifluoride membranes (PerkinElmer, Boston, MA). Membranes were incubated with a polyclonal rabbit anti-SM22␣ antibody, kindly provided by Dr. Julian Solway (University of Chicago, Chicago, IL). To ensure equal protein loading, an antibody to housekeeping protein GAPDH (Abcam, Cambridge, MA) was used. Bands were detected with chromagen 5-bromo-4-chloro-3-inodyl phosphate/nitro blue tetrazolium (SigmaAldrich).
IHC
Indirect immunoperoxidase immunostaining, for SM22␣, cleaved caspase-3, Wilms' tumor protein-1 (WT-1), phosphorylated p44/p42 MAPK (Erk1/2), Ki-67, nephrin, podocin, synaptopodin, desmin, collagen type I, and E-cadherin, was performed on formalin-fixed paraffin-embedded kidney specimens. Briefly, 4-m tissue sections were deparaffinized in Histo-Clear (National Diagnostics, Atlanta, GA) and rehydrated in graded ethanol. Antigen retrieval was achieved with heat-induced epitope unmasking with EDTA, pH 6 (SM22␣, nephrin, podocin); EDTA, pH 8 (cleaved caspase-3, synaptopodin); citrate, pH 6 (WT-1, Ki-67); and citrate, pH 7 (pErk1/2, E-cadherin). Endogenous peroxidases were blocked with 3% H 2O2, followed by overnight incubation with primary antibody diluted in 1% BSA in PBS. The following primary antibodies were utilized: SM22␣, diluted 1:100 (Abcam); cleaved-caspase-3, diluted 1:200 (Cell Signaling Technology, Danvers, MA); WT-1, diluted 1:1,000 (Santa Cruz Biotechnology, Santa Cruz, CA); pErk1/2, diluted 1:250 (Cell Signaling); Ki-67, diluted 1:100 (Thermo-Scientific, Fremont, CA); nephrin, diluted 1:1,500 (Fitzgerald, Concord, MA); podocin, diluted 1:2,000 (Abcam); synaptopodin, diluted 1:10 (Fitzgerald); desmin, diluted 1:100 (Abcam); collagen type I, diluted 1:100 (Millipore, Temecula, CA); and E-cadherin, diluted 1:100 (Cell Signaling). Omission of a primary antibody was used as a negative control. After washing in PBS, sections were incubated with biotinylated secondary antibody, diluted in 1% BSA in PBS, for 1 h at room temperature. For synaptopodin, Ki-67, desmin, and collagen type I, either the rabbit on rodent horseradish peroxidase-polymer (Biocare Medical, Concord, CA) or the ImmPRESS reagent (Vector Laboratories, Burlingame, CA) was used. ABC-Elite reagent (Vector Laboratories) was utilized for signal amplification, and 3,3=-diaminobenzidine (DAB) (SigmaAldrich) was utilized as a chromagen. Slides were counterstained with hematoxylin, dehydrated, and coverslipped. In addition, histopathology was examined after periodic acid-Schiff staining, and a disease severity score was calculated.
Human Diseases Characterized by Proteinuria
To validate the experimental data, renal pathology archives at the University of Washington Medical Center (Seattle, WA) were reviewed for representative biopsies from adult patients with diseases characterized by proteinuria of such severity that a renal biopsy was obtained (n ϭ 2/disease category), including examples of collapsing glomerulopathy, advanced diabetic nephropathy, FSGS, IgA nephropathy, minimal-change disease, membranous nephropathy, and membranoproliferative glomerulonephritis (MPGN). A transplant protocol biopsy was utilized as the "normal" control. Standard procedures were used to process formalin-fixed tissue for light microscopic evaluation. The tissue sections were 3 m in thickness. As a negative control, the primary antibody was omitted. The patient demographics and clinical data were blinded to the authors. The use of the tissues for this purpose was approved by the University of Washington Institutional Review Board.
Statistical Analysis
For comparison of mean values between two groups, the unpaired t-test was used. The quantitative analyses involve an assessment of all glomeruli within each tissue specimen, with the averages calculated across all animals within the group. All values are means Ϯ SD or SE, except where otherwise indicated. Statistical significance was evaluated using GraphPad Prism version 5.02 (GraphPad Software, La Jolla, CA). The experimental findings were considered statistically significant if P Ͻ 0.05. All photomicrographs were made at similar intensity and background. During data analysis, the observer was blinded to the treatment categories.
RESULTS
SM22␣ is Present During Active Glomerulogenesis and Podocyte Differentiation
We performed IHC for SM22␣ in kidneys obtained at embryonic day 19 and postnatal days 1, 2, 5, and 8 in mice (Fig. 1) . The newborn mouse kidney displays glomeruli at different stages of development, from the S-shaped body stage through the capillary loop stage to mature glomeruli. At the earliest time point, there was SM22␣ staining in presumptive podocytes and PECs (Fig. 1, A and B) . The staining intensity progressively increased during the early postnatal development period ( Fig. 1, C-J) . In the mature normal kidney, there was no longer SM22␣ staining apparent in glomeruli. However, there remained expression in the vasculature, as would be expected for a smooth muscle lineage-restricted protein (Fig. 1, K and  L ). There results demonstrate that SM22␣ is transiently present in glomeruli during glomerulogenesis and podocyte differentiation and absent in normal adult glomeruli.
SM22␣ De Novo Expression in PHN Model of Membranous Nephropathy
Given the microarray data that showed upregulation of SM22␣ in the PHN rat model of membranous nephropathy (22), we next examined SM22␣ expression by IHC at various stages of PHN. Correlating with data from normal adult mice, in tissue from control rats that received vehicle only, there was no glomerular staining for SM22␣ (Fig. 2, A and F) . The A: in mice fed a low-fat diet, there was no significant glomerular staining for SM22␣. An adjacent vessel served as the internal positive control. B and C: in mice fed a high-fat diet, there was positive SM22␣ staining in both podocytes and PECs. D-F: puromycin aminonucleoside nephropathy (PAN) in rats. D: in rats that received vehicle alone, there was positive staining for SM22␣ in vessels only. E and F: by day 7 of disease, and increasing by day 14, there was de novo expression of SM22␣ in podocytes. G-I: passive nephrotoxic nephritis (PNN) in mice. G: in mice that received vehicle alone, SM22␣ staining was negative in glomeruli. H and I: by day 7, and continuing at day 14, there was de novo expression of SM22␣, with positive staining in podocytes and PECs. J-M: adriamycin (ADR) nephropathy in mice. J: in mice receiving vehicle only, there was no significant staining in glomeruli. K: by 1 wk after administration of ADR, there was de novo expression of SM22␣ in podocytes and PECs. L: staining of SM22␣ increased by week 8 following ADR administration. M: by week 11 of disease, the SM22␣ staining of podocytes had diminished, but the staining in PECs remained strong.
positively stained vessels served as the internal positive control. By day 3 of disease, SM22␣ staining appeared in glomeruli in a podocyte distribution (Fig. 2, B and G) . At day 6, the point of peak proteinuria, there was marked SM22␣ staining in glomeruli, most notably in the glomerular tuft (Fig. 2, C and  H) , which extended to PECs by day 10 (Fig. 2, D and I) . Later in the disease course, the immunostaining had decreased in the glomerular tuft, but remains prominent in PECs and the interstitium at day 30 (Fig. 2, E and J) . Thus in PHN there was de novo expression of SM22␣ in the glomerular tuft that later extended to PECs and the interstitium.
To validate the IHC results and to confirm that an increase in SM22␣ mRNA corresponded to an increase in protein expression, Western blot analysis was next performed on protein extracts from isolated glomeruli of control and PHN rats. Protein extracted from the aorta served as the positive control. At day 6, the protein extracted from glomeruli of control rats showed no expression of SM22␣ by Western blotting. In contrast, protein extracted from glomeruli of PHN rats at day 6 of disease showed the presence of a band at 22 kDa corresponding to SM22␣. The Western blotting of protein extracted from the aorta showed bands at 22 and 25 kDa (Fig.  2K) . Multiple bands on Western blotting for SM22␣ have been described in the literature and have been attributed to C-terminal proteolysis (16, 52) . GAPDH was used as the housekeeping protein to ensure equal protein loading.
Together, these results show that SM22␣ transcript and protein levels are dramatically increased in PHN. Further studies delineated below were undertaken to determine whether SM22␣ was increased in other models of glomerular disease.
Upregulation of SM22␣ in Rodent Disease Models Characterized by Podocyte Injury and Proteinuria
We next sought to determine whether the de novo expression of SM22␣ was a phenomenon that could be applied more generally to other models of podocyte injury and proteinuria, Fig. 4 . SM22␣ IHC in human diseases characterized by proteinuria. Representative micrographs of IHC for SM22␣. A and B: protocol biopsy of transplant kidney tissue, considered "normal" control. There was no significant staining for SM22␣ within the glomeruli. The staining in vessels served as the internal positive control. C-P: in all cases, with omission of the primary antibody, there was no significant staining. In diseased tissues, there was positive intraglomerular staining for SM22␣ in a podocyte, PEC, and mesangial cell distribution. In some instances, there was marked periglomerular and tubulointerstitial staining associated with positively stained polymorphonuclear leukocytes within the interstitium. In addition, peritubular capillaries intensely stained positively for SM22␣. including the diet-induced obesity (DIO) mouse model of obesity-related glomerulopathy, the PAN rat model of experimental FSGS, the passive nephrotoxic nephritis mouse model of crescentic GN, and the ADR nephropathy mouse model of FSGS (Fig. 3) . In DIO, tissue from mice fed a low-fat diet (10% saturated fat) for 8 wk did not show significant SM22␣ staining (Fig. 3A) . In contrast, tissue from mice fed a high-fat diet (60% saturated fat) for 8 wk exhibited SM22␣ staining in both podocytes and PECs (Fig. 3, B and C) . In PAN, there was a progressive increase in SM22␣ staining, with none seen in glomeruli from control rats and de novo appearance of intraglomerular staining by day 7 that increased at day 14 (Fig. 3,  D-F) . In experimental crescentic GN, tissue from mice that received vehicle alone did not show positive intraglomerular staining for SM22␣. Following disease induction, there was a marked increase in SM22␣ staining in glomeruli at days 7 and 14 (Fig. 3, G-I ). There was absent SM22␣ staining in tissue from ADR nephropathy mice that received vehicle only. By week 1 of disease, SM22␣ staining was present in a predominantly podocyte distribution. By week 8, staining involved both podocytes and PECs. At 11 wk, the cells positive for SM22␣ are mostly PECs. Thus we observed a pattern akin to that seen in PHN, with strong podocyte expression of SM22␣ during the early phase of disease that evolved into primarily PEC expression later in disease (Fig. 3, J-M) . These results provide supporting data that the de novo expression of SM22␣ may have general applicability to kidney diseases characterized by podocyte injury and proteinuria.
Upregulation of SM22␣ Expression in Human Diseases Characterized by Proteinuria
To determine whether the observations in rodent models were relevant to adult human disease, we next examined SM22␣ expression in human glomerular diseases characterized by proteinuria, including collapsing glomerulopathy, diabetic nephropathy, classic FSGS, IgA nephropathy, minimal-change disease, membranous nephropathy, and MPGN (Fig. 4) . There was no significant staining for SM22␣ in the transplant protocol biopsy, considered the "normal" control (Fig. 4, A and B) . In addition, there was no staining for SM22␣ when the primary antibody was omitted (Fig. 4, C, E, G, I, K, M, O) . In contrast, in all diseases examined, there was marked intraglomerular staining for SM22␣ in a distribution that included podocytes, PECs, and mesangial cells. In some instances, there was also marked periglomerular tubulointerstitial staining associated with positively stained inflammatory cells (polymorphonuclear leukocytes) within the interstitium (Fig. 4, D, F, H , J, L, N, and P).
Renal Function and Proteinuria in Diseased Mice with Crescentic GN
To determine the role of SM22␣ in experimental glomerular disease, crescentic GN was induced in SM22␣ ϩ/ϩ and SM22␣ Ϫ/Ϫ mice. Biochemical parameters were assessed to determine the severity of renal dysfunction in SM22␣ ϩ/ϩ and SM22␣ Ϫ/Ϫ mice. There was no statistically significant difference in plasma BUN between SM22␣ ϩ/ϩ and SM22␣ Ϫ/Ϫ mice (data not shown). At baseline, before disease induction, the SM22␣ ϩ/ϩ mice exhibited a statistically significantly higher urinary PCR (means Ϯ SE; ϩ/ϩ: 21.28 Ϯ 4.947; Ϫ/Ϫ: 8.835 Ϯ 1.529; P ϭ 0.0120) (Fig. 5A) . At day 7 following disease induction, there was a statistically significant increase in the urinary PCR in SM22␣ Ϫ/Ϫ mice compared with SM22␣ ϩ/ϩ mice (means Ϯ SE; ϩ/ϩ: 54.83 Ϯ 8.271; Ϫ/Ϫ: 248.9 Ϯ 87.35; P ϭ 0.038) (Fig. 5B) . By 14 days following disease induction, there was no longer a statistically significant difference in the urinary PCR between SM22␣ ϩ/ϩ and SM22␣ Ϫ/Ϫ mice (ϩ/ϩ: 16.09 Ϯ 3.244; Ϫ/Ϫ: 34.22 Ϯ 11.76; P ϭ 0.168) (Fig. 5C ).
Less Disease in SM22␣ Ϫ/Ϫ Mice with Experimental Crescentic GN
The histopathology of mice that received an anti-glomerular antibody was typified in the acute phase by capillary loop dilatation, mesangial matrix expansion and proliferative changes, cellular crescent formation, and infiltrating inflammatory cells as previously described (49) (Fig. 6 ). To assess semiquantitatively the severity of glomerular injury, a glomerular disease severity score (GDS score) was calculated by examining histopathological sections stained with periodic acid-Schiff, as a modification of what has been described previously (35) , Fig. 5 . Urinary protein-to-creatinine ratio (PCR) in SM22␣ ϩ/ϩ and SM22␣ Ϫ/Ϫ mice at baseline and following induction of experimental crescentic GN. A: at time 0, SM22␣ ϩ/ϩ mice had a statistically significantly greater PCR at baseline compared with SM22␣ Ϫ/Ϫ mice (P Ͻ 0.05). B: at day 7 of disease, SM22␣ Ϫ/Ϫ mice had a statistically significantly greater PCR compared with SM22␣ ϩ/ϩ mice (P Ͻ 0.05). C: at day 14 following disease induction, there was no statistically significant difference in PCR between SM22␣ ϩ/ϩ and SM22␣ Ϫ/Ϫ mice. using the following scale: 0 ϭ normal glomerulus (Fig. 6A) , 1 ϭ minimal disease with an affected area Ͻ25% of glomerular area (Fig. 6B) , 2 ϭ disease-affected area 25-50% of glomerular area (Fig. 6C) , 3 ϭ disease-affected area 50 -75% of glomerular area (Fig. 6D) , and 4 ϭ disease-affected area Ͼ75% of glomerular area or presence of crescents (Fig. 6, E  and F) . The GDS score was calculated by multiplying the number of glomeruli with a severity score of 1 by one, 2 by two, and so on. These values were summed to obtain the final GDS score. By day 7 of disease, there was a not-yet-significant trend toward a higher GDS score in SM22␣ ϩ/ϩ mice compared with SM22␣ Ϫ/Ϫ mice (means Ϯ SE; ϩ/ϩ: 152.9 Ϯ 9.507; Ϫ/Ϫ: 130.9 Ϯ 7.131; P ϭ 0.0704) (Fig. 6G) . By day 14 following disease induction, there was a statistically significant difference in GDS score, with SM22␣ Ϫ/Ϫ mice showing less disease (ϩ/ϩ: 141.8 Ϯ 9.763; Ϫ/Ϫ: 124.5 Ϯ 6.853; P ϭ 0.032) (Fig. 6H) .
Podocyte Apoptosis Decreased in SM22␣ Ϫ/Ϫ Mice in Experimental Crescentic GN
Given worse disease, by histopathological parameters, in SM22␣ ϩ/ϩ mice with experimental crescentic GN, IHC for cleaved caspase-3, the activated form of the main effector 
A-F: histopathology (original magnification ϫ40).
Representative micrographs of PAS staining of tissues from diseased mice are shown to illustrate the scoring system used to obtain the disease severity score. A: score 0 ϭ normal glomerulus. B: score 1 ϭ minimal disease, characterized by capillary loop dilatation. C: score 2 ϭ mesangial matrix expansion and proliferative changes, affecting Ͻ50% of glomerular tuft. D: score 3 ϭ proliferative changes affecting 50 -75% of glomerular tuft. E: score 4 ϭ proliferative changes affecting Ͼ75% of glomerular tuft. F: crescent, extracapillary proliferation of cells within the urinary space. G and H: disease severity score. G: at day 7 of disease, there was no significant difference in disease severity score between SM22␣ ϩ/ϩ and SM22␣ Ϫ/Ϫ mice. H: at day 14 following disease induction, SM22␣ ϩ/ϩ mice exhibited statistically significantly greater disease severity compared with SM22␣ Ϫ/Ϫ mice, as semiquantitatively assessed by disease severity score (P Ͻ 0.05).
caspase, was next performed as a surrogate marker of apoptosis as previously described (7). Activation, or cleavage, of caspase-3 occurs in response to a variety of proapoptotic stimuli and constitutes a final common pathway in the cell death process (Fig. 7) . At day 7 of disease, there was a statistically significant difference in the number of positively stained glomerular cells for cleaved caspase-3 (per 100 glomeruli counted) between SM22␣ ϩ/ϩ mice and SM22␣ Ϫ/Ϫ mice, with increased caspase-3 cleavage in SM22␣ ϩ/ϩ mice (means Ϯ SE; ϩ/ϩ: 22.91 Ϯ 2.888; Ϫ/Ϫ: 15.39 Ϯ 1.79; P ϭ 0.030) (Fig. 7C) . By day 14 following disease induction, the difference in caspase-3 cleavage was no longer statistically significant between the groups (ϩ/ϩ: 21.80 Ϯ 4.385; Ϫ/Ϫ: 22.02 Ϯ 2.157; P ϭ 0.964) (Fig. 7D) . Thus early in the course of experimental crescentic GN there is less apoptosis in SM22␣ Ϫ/Ϫ mice.
Podocyte Number Increased in SM22␣ Ϫ/Ϫ Mice with Experimental Crescentic GN
Because of increased apoptosis in SM22␣ ϩ/ϩ mice at day 7 following disease induction, IHC for WT-1, a surrogate marker for podocyte number, was next performed to determine whether podocyte number changed in crescentic GN. By WT-1 staining, there was no significant difference in the baseline complement of podocytes between SM22␣ ϩ/ϩ and SM22␣ Ϫ/Ϫ mice before disease induction (means Ϯ SE; ϩ/ϩ: mean 6.359 Ϯ 0.218; Ϫ/Ϫ: 7.20 Ϯ 0.490; P ϭ 0.166). By day 7 following disease induction, there was a not-yet-significant trend toward fewer WT-1-positive cells per glomerular tuft in SM22␣ ϩ/ϩ vs. SM22␣ Ϫ/Ϫ mice (means Ϯ SE; ϩ/ϩ: 6.386 Ϯ 0.252; Ϫ/Ϫ: 7.007 Ϯ 0.213; P ϭ 0.071). By day 14 of disease, there was a statistically significant difference in the number of WT-1-positive cells between SM22␣ ϩ/ϩ and SM22␣ Ϫ/Ϫ mice, with a greater number of positive cells seen in SM22␣ Ϫ/Ϫ mice (means Ϯ SE; ϩ/ϩ: 6.695 Ϯ 0.240; Ϫ/Ϫ: 9.340 Ϯ 0.700; P ϭ 0.002) (Fig. 8) . Thus, correlating with the cleaved caspase-3 data, less apoptosis in SM22␣ Ϫ/Ϫ mice at the early time point in crescentic GN was associated with increased podocyte number at the later time point.
Increased Proliferation in SM22␣ Ϫ/Ϫ Mice with Experimental Crescentic GN
To determine whether the increase in podocyte number in SM22␣ Ϫ/Ϫ mice was due to increased proliferation, immunostaining for proliferation marker Ki-67 was next performed (Fig. 9) . At baseline, there was no significant evidence of proliferation, by immunostaining for Ki-67, in both SM22␣ ϩ/ϩ and SM22␣ Ϫ/Ϫ mice, as would be expected given very little turnover in the mature adult kidney under normal physiological conditions (Fig. 9, A and B) . By day 7 following disease induction, there was greater proliferation in the SM22␣ Ϫ/Ϫ mice compared with that seen in the SM22␣ ϩ/ϩ mice (means Ϯ SE; ϩ/ϩ: 41.76 Ϯ 10.37 positive cells in glomerular tuft/100 glomeruli; Ϫ/Ϫ: 153.2 Ϯ 38.45; P ϭ 0.023) (Fig. 9 , C-E). By day 14, the difference between the groups was no longer statistically significant (ϩ/ϩ: 89.44 Ϯ 28.52; Ϫ/Ϫ: 77.75 Ϯ 23.41; P ϭ 0.760) (Fig. 9F) . Therefore, increased proliferation early in the course of disease, in association with decreased apoptosis, contributed to increased podocyte number in the SM22␣ Ϫ/Ϫ mice.
Reduced pErk1/2 in SM22␣ ϩ/ϩ Mice in Experimental Crescentic GN
Erk1/2 are members of the MAPK superfamily mediating cell proliferation, cell survival, and apoptosis (37) . We and others have previously identified pErk1/2 as an important mediator in podocyte survival and apoptosis in glomerular injury models (7) . Therefore, we next performed IHC for pErk1/2 to determine its role in apoptosis observed in experimental crescentic GN (Fig. 10, A-D) . At day 7 of disease, there were more cells per 100 glomeruli counted that stained positive for pErk1/2 in SM22␣ Ϫ/Ϫ mice compared with SM22␣ ϩ/ϩ mice (means Ϯ SE; ϩ/ϩ: 0.908 Ϯ 0.114; Ϫ/Ϫ: 1.672 Ϯ 0.169; P ϭ 0.001) (Fig. 10E) . By day 14 following disease induction, this difference was no longer statistically significant (ϩ/ϩ: 1.111 Ϯ 0.137; Ϫ/Ϫ: 1.009 Ϯ 0.175; P ϭ 0.653) (Fig. 10F) . These results provide supporting data that increased levels of pErk1/2 in SM22␣ Ϫ/Ϫ mice may confer a survival advantage.
Expression of Other Markers Associated with Phenotypic Transition
To determine whether the de novo expression of SM22␣ in glomeruli following injury is accompanied by other alterations in protein expression that might suggest a phenotypic transition, immunostaining to detect loss of podocyte-specific pro- teins (nephrin, podocin, and synaptopodin), loss of epithelial markers (E-cadherin), and acquisition of mesenchymal markers (desmin and collagen type I) was next performed (33) . The staining for podocyte-specific proteins was compared by calculating a score, based on the percentage of the glomerular tuft area that had retained positive staining, using the following scale: 1 ϭ area of preserved staining Ͻ25%, 2 ϭ area of preserved staining 25-50%, 3 ϭ area of preserved staining 50 -75%, and 4 ϭ area of preserved staining Ͼ75%. The total score was calculated by multiplying the number of glomeruli with a score of 1 by one, 2 by two, and so on. These values were summed to obtain the final score (Table 1 ). In general, immunostaining for all podocyte-specific proteins was decreased following disease induction. However, there was no significant difference in nephrin staining between SM22␣ ϩ/ϩ and SM22␣ Ϫ/Ϫ mice ( Table 1, Fig. 11, A-F) . At baseline, podocin staining was significantly greater in SM22␣ ϩ/ϩ mice compared with SM22␣ Ϫ/Ϫ mice, and this difference remained significant at day 14 following disease induction (Table  1 , Fig. 11, G-L) . There was no difference in synaptopodin staining between the two groups ( Table 1, Fig. 11, M-R) . These results suggest that the injury-induced glomerular expression of SM22␣ is not associated with a greater reduction in the expression of the podocyte-specific proteins nephrin, podocin, and synaptopodin.
Upon examining other markers that have been reported to be lost or gained during phenotypic transition in epithelial cells in other disease models, we found that there was not a significant difference in the expression of desmin (Fig. 12, A-F) , collagen type I (Fig. 12, G-L) , and E-cadherin (Fig. 12, M-R) between SM22␣ ϩ/ϩ and SM22␣ Ϫ/Ϫ mice, at baseline or following disease induction. Thus there was not a greater downregulation in podocyte-specific markers or an epithelial marker in the SM22␣ ϩ/ϩ mice following disease induction; and there was not a greater upregulation in mesenchymal markers in the SM22␣ ϩ/ϩ mice following disease induction.
DISCUSSION
The highly specialized and terminally differentiated podocyte is a critical component of the glomerular filtration barrier. The podocyte's cytoarchitecture is due, in part, to an intricate actin cytoskeleton that scaffolds the glomerular tuft and facilitates the cell's ability to alter shape continually and dynamically in response to microenvironment changes and to demands of the filtration process. Proteins regulating and stabilizing the actin cytoskeleton are critical in the podocyte's normal function.
Underscoring the actin cytoskeleton's role in maintaining podocyte structure and function was the de novo expression of the actin-binding protein SM22␣, traditionally considered a SMC lineage-restricted protein, in injured glomeruli across a diverse array of glomerular diseases. Although SM22␣ was transiently present in glomeruli during development, its expression was absent in normal adult glomeruli. A major finding in our study was that the later reappearance of SM22␣ within injured glomeruli may be a generalizable phenomenon during the initiation and/or progression of diseases characterized by podocyte injury and proteinuria. We found marked SM22␣ upregulation in experimental animal models of membranous nephropathy (22) , FSGS, crescentic GN, and obesity-related glomerulopathy. Indeed, other investigators have shown independently that SM22␣ is upregulated in PAN (40) and anti-GBM nephritis (45) . In addition, we found abundant expression of SM22␣ in human proteinuric diseases, including collapsing glomerulopathy, diabetic nephropathy, classic FSGS, IgA nephropathy, minimal-change disease, membranous nephropathy, and MPGN. Similarly, Miao et al. (40) have shown that SM22␣ is present in biopsies from children with minimalchange disease, FSGS, and membranous nephropathy. Taken together, the findings suggest that de novo expression of SM22␣ may occur broadly across many diseases affecting the glomerulus, both in humans and animals.
In addition to SM22␣, upregulation of other SMC proteins in podocytes has been described. Saleem et al. (55) recently reported an upregulation of genes associated with SMC differentiation in cultured podocytes, including smoothelin and calponin, and demonstrated that podocytes have angiotensin IImodulated contractile properties and express proteins associated with a SMC phenotype, including smooth muscle (SM) myosin heavy chain, ␣-smooth muscle actin (␣-SMA), and myocardin (55) . Furthermore, Ransom et al. (51) detected gelsolin and capping protein by proteomic analysis in cultured podocytes, suggesting that the podocyte's actin cytoskeleton can undergo rapid reorganization. Thus there is a developing paradigm that podocytes may upregulate a repertoire of proteins traditionally thought to be restricted to SMCs.
To determine the role of glomerular injury-induced SM22␣, we next focused on experimental crescentic GN. Crescentic GN has been a useful model for examining the potential for GEC transdifferentiation, characterized by loss of some phenotypes accompanied by acquisition of new phenotypes in differentiated cells (5) . One of the best illustrations of cell transdifferentiation is epithelial-to-mesenchymal transdifferentiation (EMT). Ng et al. (17) and others (44) propose that EMT occurs in the anti-GBM model of crescentic GN, with PECs and, to a lesser extent, podocytes demonstrating de novo expression of ␣-SMA early in disease, accompanied by loss of the epithelial marker E-cadherin. During the course of disease, the normal cuboidal epithelium of PECs transforms into a morphology featuring an elongated cell body and loss of polarity, microvilli, and tight junctions (17, 44) . Li et al. (32) report that injured podocytes are capable of EMT, with loss of epithelial P-cadherin, zonula occludens-1, and nephrin, and acquisition of mesenchymal Fsp1, desmin, collagen I, and fibronectin. This group proposes that EMT is a potential pathway leading to podocyte dysfunction and proteinuria (32) . In the current study, following disease induction, there was decreased expression by immunostaining of podocyte proteins that play critical roles in maintaining the normal filtration barrier, namely, nephrin, podocin, and synaptopodin. However, the absence of SM22␣ did not lessen the degree of diminished staining seen following injury. Furthermore, we did not find a significant difference between groups in desmin, E-cadherin, or collagen type I immunostaining in our disease model. Therefore, whether the de novo expression of SM22␣ in GECs can be classified as an example of EMT is as yet unclear. We hypothesize, however, that the injured GEC may be transdifferentiating into a more SMC-like phenotype. The pathways that lead to GEC transdifferentiation are poorly understood and are likely varied. The literature implicates growth factors such as transforming growth factor (TGF)-␤ as one mechanism potentially leading to GEC transdifferentiation (17, 32, 44) . TGF-␤ receptors are increased in PECs by day 3 of crescentic GN. In addition, many cells within cellular and fibrocellular crescents express TGF-␤1 (9), suggesting a dominant role for TGF-␤1 in regulating the transdifferentiation process during the evolution of crescent formation (17, 44) .
Over the years, multiple studies have highlighted the central role that TGF-␤ and its downstream mediators have in activating cellular processes that underlie kidney disease progression. The TGF-␤ isoforms are widely expressed and act on many mammalian cell types (6) . Of special interest to our current study, TGF-␤ has been implicated in the regulation of SMC differentiation, inducing SM22␣ expression via a TGF-␤ control element in the 5= regulatory region (1) . In addition, TGF-␤ induces expression of SMC differentiation marker genes (including ␣-SMA, SM myosin heavy chain, and SM22␣) in SMCs that have undergone partial dedifferentiation in culture (23) and in a variety of non-smooth muscle precursor cell types in culture, including multipotent embryonic 10T1/2 cells and neural crest cells (10, 24, 57, 62) . These observations indicate an important role for TGF-␤ in promoting the differentiation of mesenchymal cells toward a contractile SM phenotype (1) .
Underscoring the significance of TGF-␤ in the regulation of SM22␣ expression is the presence of several Smad-binding sites in the SM22␣ promoter region. As the primary signaling intermediates downstream of TGF-␤ receptors, Smad proteins are essential for full activation of the SM22␣ gene following TGF-␤ stimulation (8, 50) . Thus it is likely that expression of SM22␣ in non-SMCs is driven by TGF-␤. Indeed, TGF-␤ is known to increase SM22␣ in mesenchymal cells, fibroblasts D) . Following disease induction, there is diminished nephrin staining, with no significant difference between the two groups at the early (B and E) and late (C and F) time points. At baseline, there is more podocin staining in SM22␣ ϩ/ϩ tissue compared with SM22␣ Ϫ/Ϫ tissue (G and J). At day 7 following disease induction, there is no significant difference in podocin staining for SM22␣ ϩ/ϩ and SM22␣ Ϫ/Ϫ mice (H and K). By day 14 following injury, the SM22␣ ϩ/ϩ tissue demonstrates greater podocin staining compared with that seen in SM22␣ Ϫ/Ϫ mice (I and L). At baseline, there is no significant difference in staining for synaptopodin in SM22␣ ϩ/ϩ and SM22␣ Ϫ/Ϫ mice (M and P). Following disease induction, there is diminished synaptopodin staining, with no significant difference between the 2 groups at the early (N and Q) and late (O and R) time points. (31, 61) , and epithelial cells of the intestine (59), breast (59) , and prostate (4, 65) . Hence, we speculate that SM22␣ gene transcription is activated by TGF-␤, known to be upregulated in crescentic GN, potentially leading to GEC transdifferentiation.
To determine the significance of disease-induced SM22␣, we examined SM22␣ ϩ/ϩ and SM22␣ Ϫ/Ϫ mice with crescentic GN. There was less proteinuria in SM22␣ ϩ/ϩ mice at day 7, suggesting that the potential role of SM22␣ in stabilizing the podocyte actin cytoskeleton may be adaptive early in disease. At day 7 following disease induction, there was no significant difference in the podocyte-specific proteins nephrin, podocin, and synaptopodin, suggesting that a differential expression of these specific podocyte proteins could not account for the significant difference in proteinuria. At day 14 following disease induction, there was worse histopathological disease in SM22␣ ϩ/ϩ mice, suggesting that the more stable actin cytoskeleton may be detrimental later in disease. The podocyte, analogous in many ways to a microvascular pericyte, with an actin cytoskeleton composed of a rich network of coordinated stress fibers, requires highly dynamic foot processes that can reorganize in minutes to respond to changes in intraglomerular pressure and distention of capillary loops (13, 56) . Decreasing actin turnover and remodeling, and thereby hindering the dynamic actin cytoskeletal rearrangements necessary to respond to a changing microenvironment, may be particularly devastating to the podocyte.
Recent evidence illustrates that changes in the dynamic state of actin may change cell fate (15) . Increased turnover of filamentous actin promotes cell longevity, whereas decreased actin turnover triggers cell death (20) . Moreover, SM22␣ is the mammalian homolog of yeast actin-bundling protein Scp1. Just as studies in yeast have shown that elevated Scp1 levels cause inappropriate actin clumping and cell death (64) , studies in mammalian cells have shown that senescent cells have higher levels of SM22␣ (12, 19, 60) . Indeed, a cell that loses its ability to signal to, and rearrange, its actin cytoskeleton elicits a signal for cell death (20) . We found that GEC apoptosis was greater in SM22␣ ϩ/ϩ mice with crescentic GN, supporting the supposition that SM22␣-induced actin stabilization may trigger cell death. Following disease induction, there is increased desmin staining within the glomerular tuft area, with no significant difference between the two groups at the early (B and E) and late (C and F) time points. At baseline, there is no significant staining for collagen type I within the glomerular tuft area (G and J). Following disease induction, there is no significant increase in staining within the glomerular tuft area, but there is an increase in tubulointerstitial staining in both SM22␣ ϩ/ϩ and SM22␣ Ϫ/Ϫ mice (H and K, I and L). At baseline, there is no significant staining in the glomerular tuft area for E-cadherin in SM22␣ ϩ/ϩ and SM22␣ Ϫ/Ϫ mice (M and P). Following disease induction, there is increased tubular epithelial staining for E-cadherin, with no significant difference between the 2 groups at the early (N and Q) and late (O and R) time points.
Podocyte apoptosis has been considered detrimental, due to the cell's relative inability to proliferate, and podocyte depletion is key in the development of glomerulosclerosis. Accordingly, we next focused on changes in podocyte number in diseased SM22␣ ϩ/ϩ and SM22␣ Ϫ/Ϫ mice. Although there was increased apoptosis in SM22␣ ϩ/ϩ mice, the number of WT-1-positive cells was not significantly different between baseline and day 7 time points, suggesting a balance between expected proliferation and apoptosis in crescentic GN. In contrast, by day 14, diseased SM22␣ Ϫ/Ϫ mice exhibited an increased number of WT-1-positive cells, suggesting the balance had tipped toward proliferation in these mice. As confirmation that increased proliferation, together with decreased apoptosis, led to a greater number of WT-1-positive cells in SM22␣ Ϫ/Ϫ mice, we found that the number of Ki-67-positive cells was significantly greater at day 7 following disease induction in SM22␣ Ϫ/Ϫ mice compared with that seen in SM22␣ ϩ/ϩ mice.
A cell's decision to replicate its genetic material and divide is influenced by extracellular signals, including nutrients, mitogens, and extracellular matrix. A key signal transduction pathway responsible for integrating environmental signals and relaying the information to the cell cycle is the Ras-dependent Erk1/2 MAPK pathway (38) . Erk1/2 functions in regulating cell proliferation, differentiation, and survival, and it is necessary for the downregulation of cyclin-dependent kinase (CDK) inhibitors, including p21 and p27 (34) . Dong et al. (11) report that SM22␣ overexpression inhibits Raf-1-MEK1/2-Erk1/2 signaling through segregation of Ras with Raf-1, blocking Erk1/2 activation and resulting in cell cycle arrest. This cell cycle arrest is associated with increased p21 and p27 and decreased cyclin D1 in vascular SMCs stimulated by PDGF-BB. Overexpression of a truncated SM22␣ missing the actin-binding domain also decreased the activity of Raf-1-MEK1/2-Erk1/2 signaling and inhibited cell proliferation, suggesting that SM22␣'s antiproliferative effect is independent of its known function in actin cytoskeleton remodeling (11) .
Given Erk1/2's role in mediating cell survival and the evidence that SM22␣'s antiproliferative effect occurs via blocking Erk1/2 activation, we next examined the expression of activated Erk1/2 (pErk1/2) in SM22␣ ϩ/ϩ and SM22␣ Ϫ/Ϫ mice with crescentic GN. We found that pErk1/2 levels were greater in SM22␣ Ϫ/Ϫ mice, suggesting that increased proliferation in SM22␣ Ϫ/Ϫ mice may be secondary to pErk1/2. Podocytes are specialized cells with a limited potential to proliferate under exceptional circumstances. In contrast, PECs maintain the ability readily to proliferate in diseased states and to respond secondarily to injury affecting neighboring glomerular cells (46) . There is mounting evidence that PECs may serve as local progenitor cells for podocytes following injury (2, 53, 54) . We propose that by blocking proliferation via suppression of Erk1/2, SM22␣ may be blocking the potential for PECs to transform into podocytes and repopulate the denuded basement membrane. Indeed, our immunostaining findings demonstrate that the primary site of Erk1/2 activation in crescentic GN was the parietal epithelium.
In summary, we hypothesize that upregulation of TGF-␤ in crescentic GN leads to GEC transdifferentiation toward a contractile SMC phenotype through the induction of SM22␣ expression. The de novo expression of SM22␣ has several possible roles in injured GECs: 1) its actin-bundling effect may lead to a cytoskeleton that is too stable, triggering apoptosis; 2) its repression of Erk1/2 activation may lead to cell cycle arrest by upregulating CDK-inhibitors p21 and p27; and 3) its block of Erk1/2 activation may limit proliferation and prevent PECs from serving as progenitor cells for podocytes.
Our findings add to the evolving body of literature illuminating the structural and functional similarities between podocytes and SMCs, and the expression by podocytes of proteins thought to be specific to SMCs (40, 45, 55) . In addition, our work strengthens the developing paradigm that there is plasticity in the podocyte's phenotype in response to injurious stimuli. It is unclear whether the de novo expression of SM proteins in podocytes is an adaptive or maladaptive response to injurious stimuli. In our study, the SM22␣ ϩ/ϩ mice displayed worse disease in crescentic GN, suggesting that transdifferentiation of podocytes into a SM22␣-expressing phenotype in crescentic GN may be maladaptive. Possible mechanisms for this effect include increased apoptosis, decreased proliferation, and cell cycle arrest.
A major question that arises from this study appears to be whether proliferation in crescentic GN is a good or bad occurrence. In the mature glomerulus, podocytes do not readily proliferate under normal conditions or in response to a wide variety of injuries. Hence, traditionally, podocyte proliferation has been considered a "bad" thing, with nonreparative proliferation characterized by the podocyte's escape from cell cycle blockade. However, with our recent understanding of the role of PECs in the response to podocyte injury, it is now appreciated that PECs proliferate in many forms of injury, including those not associated with crescent formation, and demonstrate a role in repair following podocyte injury. Several studies have reported that PECs may serve as local progenitor cells, being recruited into the glomerular tuft with an ability to transform into podocytes (2, 53, 54) . Thus we are increasingly becoming more aware that not all GEC proliferation is the same. Ongoing studies are further defining the role that SM22␣ may play in GEC differentiation, proliferation, and survival.
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